Stimulated by the strong interest in replacing fossil raw materials by renewable feedstocks in chemical industry, alkene metathesis of unsaturated biosourced olefins has been recently investigated with the objective of producing high-value molecules using green and atom economic strategies. It is due
Introduction
Terpenes are found in essential oils and constitute a class of natural products that finds direct applications and serves as feedstocks in flavor and fragrance industry and has other potential applications due to their biological properties.
1 They are constructed on the basis of connected isoprene units (2-methyl-1,3-butadiene) and thus contain a number of carbon atoms which is a multiple of five.
Terpenoids are chemically modified terpenes, essentially oxygenated derivatives such as alcohols, epoxides, ketones, aldehydes, carboxylic acids and esters. Chemical transformations of terpene derivatives have been investigated with the objective of producing new fine chemicals with high added value for diverse applications. Catalytic isomerization, rearrangements, cyclization, ring opening, hydrogenation, dehydrogenation, epoxidation, oxidation, hydration, hydroformylation, cyclopropanation are the most studied reactions. [2] [3] [4] [5] Recently, computational studies on metathesis transformations of bulky terpenes such as α-and β-pinene in ring opening and cross metathesis with various types of catalysts (Ru, Mo, W) have appeared. 6, 7 The scope of this review is the transformation of unsaturated terpenes and terpenoids involving olefin metathesis processes including ring closing metathesis of dienes, cross metathesis with ethylene and functional olefins to produce fine chemicals, and ring opening metathesis as well as ring opening/cross metathesis for the production of polymers. The present review reports on direct transformations of terpenes via double bond metathesis excluding the literature in which terpenes or terpenoids are previously modified to generate a C=C double bond suitable for metathesis processes. These transformations of terpenes via alkene metathesis not only add value to renewables but involve green catalytic processes.
Ring closing metathesis (RCM)

Citronellene
The ring closing metathesis of terpenes has been mainly investigated with citronellene 1, linalool 2, and myrcene 3 (Scheme 1). Later on, the same RCM reaction was achieved with full conversion of (R)-citronellene 1 with 0.5 mol% of the ruthenium catalyst Ru1
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(Scheme 3) in toluene at 80 °C using microwave heating during 20 min. 
Linalool
Linalool 2 is the monoterpene derivative that has been most often used in test reaction to evaluate the catalytic properties of new ruthenium catalysts. Its ring closing metathesis reaction leads to 2-methylprop-1-ene 5 and 1-methylcyclopent-2-en-1-ol 6 as primary products. The ruthenium catalysts that have been used for this RCM reaction are presented in Scheme 8. Initial studies carried out with 4-10 mol% of the first generation Grubbs catalyst Ru3 at room temperature in CDCl 3 showed that the presence of the allylic alcohol group in linalool had a beneficial effect on the rate of the metathesis reaction as compared to citronellene 1. 12 Under similar conditions, the reactivity of linalool 2 was one order of magnitude higher than that of the diene 1, whereas the O-methoxy-protected linalool presented no reactivity even at 65 °C. This enhancement of reactivity was attributed to the acceleration of the rate of carbene exchange between the terminal vinyl group and the ruthenium alkylidene species due to interaction of the alcohol with the catalytic species through chloride or phosphine substitution favouring pre-association of the substrate with the catalytic metal carbene.
The activity of Ru3 was confirmed in chloroform at room temperature and full conversion of 2 into 6 was observed within 60 min at room temperature. The second generation Grubbs catalyst Ru4 also gave full conversion whereas the Hoveyda-Grubbs catalysts Ru5 and Ru6 exhibited a slightly lower activity (Table 1 - entries 1-4). 13 Other second generation ruthenium complexes (Ru7, Ru8 and Ru9), equipped with a very bulky N-heterocyclic carbene ligand containing substituted naphthyl groups were found to be very efficient for the ring closing metathesis of linalool. Full conversion with excellent yields of isolated 1-methylcyclopent-2-en-1-ol 6 were obtained in 6-30 min in dichloromethane at room temperature with 1 mol% of catalyst ( Even though some differences were also observed related to the nature of the Schiff base ligand, these complexes showed moderate catalytic activities.
It has been shown that ruthenium vinylidene complexes were efficient catalyst precursors for olefin metathesis. 
Cl Scheme 8 (continued). Selected ruthenium catalysts used for terpene metathesis transformations 
β-Myrcene and its cis-and trans-β-ocimene isomers
The ring closing metathesis of β-myrcene 3 was first achieved with the second generation Grubbs catalyst Ru4 at 40 °C in decaline as solvent (Scheme 9). From this triene, a conversion of 68% and an isolated yield of 45% of 3-methylenecyclopentene 9 were obtained after 5 h with a catalyst loading of 0.2 mol%, but full conversion was achieved in the presence of 1 mol% of catalyst. The diene 9 was then used for controlled cationic polymerization with a catalytic system based on
Later, it was shown that even in the presence of methyl acrylate as cross metathesis partner, the ring closing metathesis of β-myrcene was favoured over the direct cross metathesis reaction. 26 The first Ru46 : conv. 95%, 9 (67%), 10 (14%)
Ru46
Scheme 10 Ring closing metathesis of β-myrcene 3 in the presence of methyl acrylate 11
The RCM of the isomers of β-myrcene, cis-and trans-β-ocimene 12
and 13 in a respective 33:67 ratio (Scheme 11) was then studied in the presence of catalyst Ru46. The cis-derivative 12 was very reactive and led to 94% conversion after 1 h at 80 °C, whereas only 33% of the trans-isomer 13 was converted under the same conditions. However, the yield of the expected 2-methylcyclopentadiene 7 was only 24% indicating that side or subsequent reactions took place.
As compared to β-myrcene, which contains two terminal double bonds, the β-ocimene isomers present only one terminal and an internal double bond in position 3 hindering the necessary conformation for RCM, which seems to have a strong effect on the reactivity and favours the polymerization via acyclic diene metathesis with respect to the ring closing metathesis process. 
Cross metathesis of terpenes with electron deficient olefins
The second generation Hoveyda catalysts have been found to be the most efficient catalysts for cross metathesis of terpenes and terpenoids with acrylic substrates. We have successfully achieved the cross metathesis of methyl acrylate 11 with the monoterpenes citronellal 14, citronellol 16 and citral 18 in the presence of catalytic amounts of Ru6 (0.5 -2 mol%) in the green solvent dimethyl carbonate (DMC) at 60-80 °C leading to the cross metathesis products isolated in 42-70% yield (Scheme 12). 29 As expected with methyl acrylate as cross metathesis partner, the resulting double bond presented an E-configuration, exclusively. Methyl (E)-6-methyl-8-oxo-2-octenoate 15 has also been obtained in 40% yield upon cross metathesis of 11 (10 equiv.) and 14 using 2 mol% of Ru4 as catalyst in refluxing dichloromethane for 1 h. 30 Glycerol has also been used as a green solvent for the cross metathesis of citral, linalool and geraniol. In the presence of 2 equiv. of methyl acrylate and 2 mol% of catalyst Ru6, full conversions of these terpenoids were obtained at 60-80 °C within 15 h, but the isolated yields of the expected products from geraniol and citral were modest (below 45%). 31 In the case of linalool the terminal and prenyl double bonds In order to prepare dienes from bio-resources using a rutheniumcatalyzed dehydrohalogenation reaction, we prepared the allylic chloride 47 by cross metathesis of citronellal 14 with allyl chloride 47 (Scheme 17). 34 The reaction was performed in refluxing dichloromethane for 5 h in the presence of 2 mol% of catalyst Ru54 with a 6-fold excess of 46, and 47 was isolated in 65% yield with a E/Z ratio of 8. 
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Scheme 18 Cross metathesis of citronellol benzyl ether 48 with
cis-1,4-diacetoxybut-2-ene 49 2.3 Cross metathesis of cyclic terpenes
Cyclic terpenes are more sterically hindered than the acyclic ones, and the access to the reactive catalytic center might be difficult in some cases. For instance, the lack of reactivity of limonene and β-pinene with n-butyl acrylate has been shown (Scheme 16). catalyst loading of 5 mol%. 37 However, the strong influence of the steric hindrance introduced by a benzyl substituent close to the double bond of methylenecyclohexane in 54 was obvious with a drastic decrease of the yields in 55b as compared to 55a from 78 to 17% with Ru6, 60 to 0% for Ru13 and 98 to 7% for Ru59 (Scheme 20) . 37 The same absence of reactivity of 2-benzyl-1-methylenecyclohexane 54 was observed with Ru6 (5 mol%, 100 °C in benzene) when protected allylglycine 56 was used as cross metathesis partner. 38 However, it was possible to produce 58 from The general idea to make these cross metathesis reactions with bulky double bonds successful was to favour the productive pathway with respect to the non-productive one by playing on the steric parameters of the cross metathesis partner e. g. on increasing the substitution pattern of the double bond. In this respect, the cross metathesis of β-pinene appeared to be more efficient with a trisubstituted internal olefin as cross metathesis partner (Scheme 21). This is in line with the computational studies, which indicated that non-productive metathesis of β-pinene in the presence of another olefin takes place in the presence of second generation ruthenium catalysts via formation of a carbene involving the pinene substrate, and that its self metathesis does not occur because it is inhibited both by kinetic and thermodynamic factors. 
Ring opening metathesis polymerization
Polymerization of strained cyclic structures under metathesis conditions is very common with norbornene derivatives, 58 but has been much less studied with less strained monomers in particular with terpenes. Recently, the ring opening metathesis of the sesquiterpenes caryophyllene 75 and humulene 76 has been reported. 59 The first generation ruthenium complexes Ru3 and Ru5
were inactive for this metathesis transformation and the second 
Conclusion
Transformations of terpenes by olefin metathesis processes can take place at any type of carbon-carbon double bond of these substrates. From 1,6-dienes, the ring closing metathesis easily Cross metathesis of bulky cyclic terpenes is more difficult and requires olefin partners favouring the productive cross metathesis versus the non-productive one.
The special case of cross metathesis with ethylene has been used for degradation of long chain polyunsaturated terpenes such as β-carotene and squalene, as well as polyisoprene and polymers containing polyisoprene blocks. It has notably been applied to the degradation of end-of-life tire granulates.
As far as ring opening metathesis polymerization is concerned, it seems that only the case of caryophyllene and humulene is
reported.
It appears that terpenes have not been extensively studied in olefin metathesis transformations and that future applications have to be discovered, including couplings with other unsaturated natural resources such as fatty acid derivatives and phenylpropenoids arising from lignin.
Finally, the efficiency of olefin metathesis for the selective transformation of terpenes offers straightforward and green processes for the access to value-added products from bio-sourced substrates extracted from renewables.
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